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                 A
N emerging body of data suggests that normal aging of 
physiological systems is a subtle alteration in function 
that cannot be attributed to pathology (  1  ). However, the re-
modeling of a physiological system with age correlates 
with an initiation of certain pathological processes. Thus, a 
more complete understanding of the process of   “  normal  ”   
aging could lead to the clariﬁ  cation of the processes that 
precede degenerative disease. During aging the mainte-
nance of constant cerebral blood ﬂ  ow (CBF) in the face of 
rising systolic blood pressure (SBP) may likely result from 
a combination of compensatory mechanisms. However, as 
the descent into senescence continues, these mechanisms 
may no longer keep CBF within a normal range, which in 
time will result in pathological consequences such as 
stroke. 
  CBF is primarily governed by myogenic autoregulation 
of cerebral blood vessels at a SBP between 60 and 140 mm 
Hg (  2  ,  3  ). Above 140 mmHg, activation of sympathetic 
nerves arising from the superior cervical ganglion (SCG) 
provides an additional protective vasoconstrictor response 
mediated in part by norepinephrine in cerebral blood ves-
sels  ( 2 , 4  –  6 ).  Overall,  the  evidence  suggests  that  cerebral 
blood vessels and neuronal innervation function as a   “  unit  ”   
which helps to modulate CBF within the bounds of normal 
and pathophysiology (  6  ). 
  The risk of hemorrhagic stroke increases with age, and 
the single most important factor is a rising SBP that occurs 
in  both  the  rat  model  and  in  humans  ( 2 , 3 , 7  –  12 ). Thus,  in  the 
face of an age-related rising SBP, proper function of the ce-
rebral neurovascular unit is important to moderate stroke 
risk  ( 4  –  6 , 13 ). 
  Calcium signaling in neurons conveys numerous signals 
including neurotransmitter release, gene expression, plastic-
ity, and cell death (  14    –    22  ). The release of neurotransmitters 
from neurons and in particular those of the SCG is initiated 
with opening of voltage-gated calcium channels. Much of 
this signal is damped by calcium-buffering proteins ( 23  –  25 ). 
However, calcium signaling is sustained and ampliﬁ  ed 
by calcium-induced calcium release (CICR), through the 
activation of channels called ryanodine receptors (RyRs) 
located on the smooth endoplasmic reticulum (SER) ( Figure 1 ) 
( 26  –  34 ). In addition, CICR can be blocked with RyR antago-
nists such as ryanodine (  27  ) and   “  sensitized  ”   with agonists 
such as caffeine, which lowers the threshold of [Ca  2+ ]   i     nec-
essary to evoke CICR and increases its contribution to stim-
ulation-evoked [Ca  2+ ]   i     transients  ( 33 , 34 ).     
  As RyRs appear to be the primary mediators of CICR in 
the rat SCG, pharmacological blockade or sensitization of 
these channels in combination with the measurement of 
stimulation-evoked [Ca  2+ ]   i     transients may reveal the func-
tional impact of the RyRs on calcium dynamics with ad-
vancing age (  Figure 1  ). In this study we measured electrical 
ﬁ  eld stimulation (EFS)  –  evoked [Ca  2+ ]   i     dynamics in isolated 
SCG cells from Fischer-344 (F-344) rats aged 6, 12, and 
24 months in the absence and presence of the RyR antagonist 
ryanodine. In addition, we utilized the RyR agonist caffeine 
to sensitize the CICR process to EFS at low frequency. We 
tested the hypothesis that the contribution of CICR to EFS-
evoked [Ca  2+ ]   i     transients in SCG cells increases at middle 
age and declines with senescence and that CICR may be 
partially recovered in senescent cells in the presence of the 
RyR agonist caffeine.   
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 Methods  
 Experimental  Animals 
  All procedures used in this study were approved by the 
Institutional Animal Care and Use Committee at Loma 
Linda University, and the approved guidelines were adhered 
to throughout the study. Animals were allowed to eat and 
drink at will and were maintained on a 12:12-hour light  –
  dark cycle under controlled temperature (72  –  77°F). Male 
F-344 rats aged 6 months (young adult), 12 months (middle 
age), and 24 months (senescent) were obtained from the 
National Institutes of Health  –  National Institute on Aging 
breeding  colony  (Harlan – Sprague – Dawley,  Indianapolis, 
IN). This age range was chosen as the median life span of 
the F-344 rat is 24 months and represents the aging process 
from maturity to senescence providing a clearer overview of 
how advancing age affects the parameters of interest (  35  ).     
  Superior Cervical Ganglion Preparation 
  Rats were anaesthetized with CO  2   (45 seconds) followed 
by decapitation. The dissection of the superior cervical gan-
glia and preparation of isolated cells have been previously 
described (  25  ,  36  ,  37  ). SCGs were dissected from the carotid 
artery bifurcation and promptly placed in sterile cold 
Tyrode’s solution, which contained (in mM) 150 NaCl, 
4 KCl, 2 CaCl  2  , 2 MgCl  2  , 10   N -2-hydroxyethylpiperazine- N -
2-ethanesulphonic acid (HEPES), and 10 glucose. The gan-
glia were then acutely dissociated in 5 mL of Earle’s 
balanced salt solution containing trypsin (6000 U/mL), col-
lagenase D (1 mg/mL), DNAse-1 type IV (0.1 mg/mL), 
HEPES (20 mM), glucose (10 mM), and NaHCO  3   (10 mM) 
and adjusted to pH 7.4 with NaOH (1 M). After incubation 
in a shaking water bath for 45 minutes at 34°C, the diges-
tion reaction was stopped by the addition of 5 mL of modi-
ﬁ  ed Hank’s balanced salt solution (HBSS) with 10% fetal 
calf serum, 1.3 mM CaCl  2  , and 5 mM HEPES and adjusted 
to pH 7.4 with NaOH (1 M). Dissociated cells were centri-
fuged at 60 g       for 5 minutes and resuspended in 5 mL of 
fresh HBSS. Cells were centrifuged again at 60 g       for 5 
minutes and redispersed in 5 mL of HBSS (containing 10% 
fetal calf serum and 5 mM HEPES adjusted to pH 7.4 with 
NaOH [1 M]). Cells were centrifuged again, and HBSS was 
decanted to 1 mL. The cells were dispersed in sterile Pas-
teur pipettes, and 0.5 mL of the dispersed cells was placed 
onto Cell-Tak (3.5 mg/cm  2  ; BD Biosciences, Bedford, 
MA)-coated glass coverslips with a Sylgard adhesive (Dow 
Corning, Inc, Midland, MI      ) attached a oval 2-cm ring. The 
coverslips were placed in 3.5-cm Petri dishes, and placed 
between the three metal prongs on a Beckman S4180 rotor 
and centrifuged for an additional 5 minutes at 60 g      , which 
increases the number of cells that adhere to the plates. Cells 
were then incubated for 12  –  14 hours at room temperature 
overnight in the fresh HBSS medium containing 10% fetal 
calf  serum.   
  Cell Health and Measurement of Intracellular Calcium 
  We have measured [Ca  2+ ]   i     in isolated SCG cells in young 
and aged animals for more than 15 years (  38  ). The protocol 
for cell isolation produces healthy cells in all age groups, 
and this has been determined by lack of uptake of trypan 
blue, stable baseline [Ca  2+ ]   i    , and uniform loading of fura-2 
in SCG cells from all age groups (  25  ,  36  ,  37  ). In the present 
study healthy cells are likely to have robust esterase activity, 
and if there are no age-related differences in esterase activ-
ity, we would anticipate uniform loading of fura-2 in cells 
from all age groups. To assess this possibility, the intensity 
of the 380-nm ﬂ  uorescence signal is proportional to the 
amount of loaded dye (  39  ). In the present study the 380-nm 
ﬂ   uorescent signals in resting cells are 153.48   ±   10.19, 
159.04   ±   10.80, 159.99   ±   10.58 and are not signiﬁ  cantly 
different in 6-, 12-, and 24-month-old animals, respectively. 
These data are consistent with our past studies (  25  ,  36  ,  37  ), 
suggesting that the cells chosen for observation represent 
healthy cells in all age groups and suggest that the isolation 
method does not compromise the data. 
  Our methods of measuring [Ca  2+ ]   i     have been previously 
described (  25  ,  36  ,  37  ). SCG cells were loaded with 10   m M 
fura-2 acetoxymethylester (fura-2/AM) for 20 min       at 
room temperature, then washed with Tyrode’s buffer con-
taining (in mM) 138 NaCl, 2 CaCl  2  , 1 MgCl  2  , 5 KCl, 10 
HEPES, and 10 glucose, adjusted to pH 7.4 with NaOH 
(1 M). Incuba  tion was continued for an additional 20 min-
utes to allow intracellular esterases to convert the fura-2/AM 
dye into the free acid form (  40  ,  41  ). 
   
  Figure 1.                Model of the superior cervical ganglion (SCG) cell and illustrated 
protocol used in this study. In SCG cells, calcium transients are modulated by 
numerous mechanisms including inﬂ  ux via voltage-gated calcium channels, 
calcium-induced calcium release (CICR), and transport of calcium by smooth 
endoplasmic reticulum Ca  2+  -ATPases, which both buffers [Ca  2+ ]   i     transients and 
reﬁ  lls smooth endoplasmic reticulum (SER) calcium stores to maintain regen-
erative CICR. CICR is mediated via ryanodine receptors, which can be inhibited 
or activated using ryanodine or caffeine, respectively (see Methods). In this 
study, electrical ﬁ  eld stimulation was used to evoke calcium inﬂ  ux, which acti-
vates CICR from SER calcium stores. Inﬂ  ux and CICR contribute to the magni-
tude of the measured variable, [Ca  2+ ]   i     as detected by fura-2 ﬂ   uorescence.       BEHRINGER ET AL.  36
  Coverslips were mounted into a superfusion chamber at-
tached to the stage of a Nikon inverted microscope (Nikon 
Instruments, Tokyo, Japan). The microscope was attached 
to a Universal Imaging System running MetaFluor version 
6.2 (Universal Imaging Corporation, a subsidiary of Mo-
lecular Devices, West Chester, PA). The perfusion system 
allowed the chamber volume (  ~ 250   m  L) to be exchanged at 
the rate of two times per second (500   m L/s).  The  fura-2 
probe was illuminated by a xenon lamp and the ﬂ  uorescence 
was excited alternately at wavelengths 340 and 380 nm by a 
Lambda DG-4 hyperswitch (Sutter Instruments, Novato, 
CA), and a Photometric Cool Snap 12-bit digital camera 
(Roper Scientiﬁ  c      , Tucson, AZ) measured the emission ﬂ  uo-
rescence at 510 nm. Adjusting the microscope stage where 
no cells were in the ﬁ  eld of view corrected for background 
light levels. Before loading fura-2/AM, cellular autoﬂ  uores-
cence was examined in SCG cells as previously described 
(  25  ) and was below the limits of detection by our imaging 
system. During the experiment, background ﬂ  uorescence 
was subtracted, the 340- and 380-nm ﬂ  uorometric signals 
were collected and the [Ca  2+ ]   i     was calculated and logged to 
a Dynamic Data Exchange Excel ﬁ  le at a rate of   ~ 3  Hz. 
Ambient light levels were minimized, and SCG cells were 
only illuminated during data acquisition to minimize photo-
bleaching of the dye. 
  Intracellular calcium was estimated by both in vitro and 
in vivo calibration methods as we have previously reported 
( 25 , 36 , 37 ).  We  used  the  experimental  ﬂ  uorescent intensity 
ratios (  R  ) to [Ca  2+ ]   i     over the physiological range by iterative 
ﬁ  t to the equation: [Ca  2+ ]   i     =   K  d   [ R    −    R  min ]/[ R  max    −    R ]   S  f .   R  min  
is the 340/380 ratio at zero [Ca  2+  ] and   R  max   is the 340/380 
ratio at 40   m M  [Ca 2+ ].   K  d   is the dissociation constant of 
fura-2, whereas   S  f   is a correction factor representing the ra-
tio   F  min / F  max  , where   F  min   is the emission intensity at 380 nm 
when fura-2 is in the free form (0 [Ca  2+ ]),   F  max   is the emis-
sion intensity at 380 nm when fura-2 is in the bound form 
(40   m M  [Ca 2+  ]) (  42  ). We routinely carry out calibrations and 
have kept a running average of the   R  min ,   R  max ,   S  f  , and   K  d  
values for fura-2 for more than 15 years. For this report we 
used multiple calibrations, and the [Ca  2+ ]   i     was estimated us-
ing averaged in vitro values for   S  f   (15.6),   R  min   (0.286),   R  max  
(5.33), and   K  d   (266 nM). We applied the same   K  d   for both 
young and old SCG neurons, because previous reports have 
shown no signiﬁ  cant change in fura-2   K  d   values for young 
and old neurons (  43  ). In addition, the in vitro calibration for 
  K  d   obtained in these studies is comparable with the in vivo 
values in other neuronal cell models (  40  ,  43  ).     
  Electric Field Stimulation Apparatus 
 Electric  ﬁ  eld stimulation (EFS) is a method utilizing the 
delivery of graded stimuli to individual cells. This method 
renders an advantage over the use of various nonphysiolog-
ical chemicals or buffers containing nonphysiological con-
centrations of ions such as K  +   (eg, 50 mM K  + ).  Although 
these methods induce relatively intense [Ca  2+ ]   i     transients, 
EFS more approximates the behavior of cells in normal 
physiological buffers (  41  ,  44  ). EFS was delivered to isolated 
cells through parallel platinum electrodes as previously 
described via a Grass S48 Stimulator (Grass Medical In-
struments, Quincy, MA) (  41  ,  44  ). A 10-ohm resistor was 
placed in series with the platinum electrodes, and the deliv-
ered current was monitored as the voltage drop across the 
resistor with a Tektronix 5103N oscilloscope (Tektronix, 
Wilsonville, OR). The current was ramped from a minimum 
of 50 mA to a maximum of 325 mA (Protocol 1) in the 
absence and presence of 100   m  M of the RyR antagonist, 
9,21-dehydro-ryanodine (Calbiochem, a brand of EMD 
Biosciences, La Jolla, CA), to analyze blockade of Ca  2+   re-
lease from SER stores. In a separate protocol (Protocol 2) 
we ﬁ  xed the current at 300 mA and delivered 24 pulses of 
EFS at 3 Hz in the absence and presence of the RyR agonist, 
caffeine.  
  Protocol 1: Progressive current ramp stimulation 
in the presence and absence of 100   µ  M ryanodine 
blockade.   —        Figure 2   shows representative data in a single 
SCG cell from 6- and 24-month-old animals demonstrating 
the response to progressive ramping of EFS current before 
and after the addition of 100   m M  9,21-dehydro-ryanodine. 
Graded EFS-produced transients were on average threefold 
greater than baseline. These data are consistent with the 
magnitude of EFS-evoked [Ca  2+ ]   i     transients seen in other 
studies in isolated hippocampal and sensory neurones (  41  , 
  44  ). Ryanodine is a well-studied and effective molecular 
tool to measure the contribution of CICR on stimulation-
evoked [Ca  2+ ]   i     transients in numerous neuronal models due 
to  its  selectivity  for  the  RyRs  ( 26 , 27 , 29 , 45  –  47 ).  Studies 
have demonstrated this selectivity showing that micromolar 
concentrations of ryanodine do not appear to alter the func-
tion of plasma membrane ion channels (  33  ). In addition, 
ryanodine has complex actions on the RyR, where nano-
molar concentrations activate the channel, locking it into an 
open low-conductance state, whereas micromolar concen-
trations  block  the  channel  ( 27 , 48 , 49 ).  We  therefore  initially 
performed dose  –  response experiments and found that 
100   m  M ryanodine maximally blocked the RyR. The incu-
bation time necessary to see the full effects of ryanodine is 
inversely proportional to the concentration. Thus, incuba-
tion times vary widely from 5 to 60 minutes depending on 
the drug concentration (60 minutes at 1   m  M to 10 minutes 
at 500   m  M) and cell type (  48  ,  49  ). In our hands, a 30-minute 
incubation resulted in maximal inhibitory effects of 100   m M 
ryanodine on EFS-evoked [Ca  2+ ]   i     transients. Initially, 50 
pulses (5 Hz, 10 seconds, 300 mA) of a supermaximal prim-
ing stimulus were applied followed by a 2-minute equilibra-
tion period to ensure uniform loading of SER Ca  2+   stores 
(  47  ). For the control stimulations, 50-pulse trains at 5 Hz 
were delivered at currents ranging from 50 to 325 mA with 
a 2-minute equilibration period separating each stimulation.    AGING AND CONTRIBUTION OF CALCIUM RELEASE FROM SER STORES  37
During the last control supermaximal stimulation, Tyrode’s 
buffer containing 100   m  M ryanodine was rapidly superfused 
onto the cells and left to incubate for 30 minutes. The addi-
tion of ryanodine during the last simulation was to ensure 
maximal blockade of the receptors, as ryanodine binding to 
RyR is dependent on receptor activity, which would be 
greatest during cell stimulation (  21  ,  50  ). Following the addi-
tion of ryanodine, the cells were stimulated using the same 
pulse-train parameters. Time-dependent controls were also 
performed to ensure that the observed effects of ryanodine 
were not simply due to rundown of EFS-evoked [Ca  2+ ]   i     tran-
sients. Rundown was estimated by comparing each [Ca  2+ ]   i    
transient in control stimulations (  S  1  ), followed by a 30-min-
ute time interval, and stimulations were repeated (  S  2 ).  The 
ratio of   S  2 / S  1   was compared and this did not vary by more 
than 10%, demonstrating that the effect of ryanodine on 
stimulation-evoked [Ca  2+ ]   i     transients was not due to a signi-
ﬁ  cant rundown in any of the age groups (data not shown).             
  Protocol 2: Aging and sensitization of CICR to EFS in 
the presence of caffeine.      —      This protocol was developed on 
the basis that the contribution of CICR to EFS-evoked 
[Ca  2+ ]   i     transients at low frequencies can be enhanced in the 
presence of caffeine (  33  ,  34  ). With this protocol we tested 
the hypothesis that CICR is enhanced with caffeine and can 
be partially recovered in senescent cells. As in Protocol 1, a 
priming supermaximal stimulus (50 pulses, 10 seconds, 
5 Hz, 300 mA) was delivered to the cells to load SER calcium 
stores. Next the frequency was reduced to 3 Hz, and 24 pulses 
(300 mA) were delivered to the cells as a control stimulus. 
Twenty-four pulses produced the maximal [Ca  2+ ]   i     transient 
at 3 Hz in all age groups, and this was empirically deter-
mined by ramping the delivered number of pulses from 3 
to 30 (data not shown). Following the control stimulation, 
cells were allowed to equilibrate for 10 minutes and then 
were exposed to Tyrode’s solution       containing 5 mM caf-
feine. The cells were then allowed to incubate in the pres-
ence of caffeine for 10 minutes to sensitize RyRs. While 
still in the presence of 5 mM caffeine, a train of 24 pulses 
at 3 Hz was again delivered to the cells.       
 Data  Analysis 
  In Protocol 1, calcium transients were analyzed by using 
Origin 6.1 software (Origin Lab Inc., Northamptom, MA)    
  in all age groups. Peak [Ca  2+ ]   i     was determined by subtract-
ing basal [Ca  2+ ]   i    from maximum stimulation – evoked [Ca  2+ ]   i    
for all transients. The rate of rise of [Ca  2+ ]   i     was determined 
by linear ﬁ  t (  r   = .99) from basal [Ca  2+ ]   i     to the maximum 
stimulation – evoked  [Ca 2+ ]   i     for all transients. The IC  50   cur-
rent data (one-half maximal delta [Ca  2+ ]   i   )  was  calculated 
using Origin 6.1 software by plotting peak [Ca  2+ ]   i     versus 
stimulus current with a best sigmoid ﬁ  t (  r   = .99). In Protocol 
2, peak [Ca  2+ ]   i     transients were analyzed as in Protocol 1.     
 Statistics 
  The impact of age on all measured parameters was deter-
mined by analysis of variance and Fischer-PLSD. Because 
each group of cells acted as their own control, the effects of 
drug treatments on measured [Ca  2+ ]   i     parameters within each 
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 Figure  2.         Electrical  ﬁ  eld stimulation (EFS) evokes ryanodine-sensitive calcium responses in rat superior cervical ganglion (SCG) cells. Representative data in a 
single SCG cell from a (  A  ) 6-month-old and (  B  ) 24-month-old animal. Fifty pulses of EFS (5 Hz) were delivered at varied currents with a 2-minute equilibration 
separating each stimulation. Following the last stimulation, cells were exposed to Tyrode’s buffer containing 100   m  M of the ryanodine receptor antagonist ryanodine 
for 30 minutes, and the stimulation protocol was repeated (see Methods).          BEHRINGER ET AL.  38
group were compared using a paired   t   test. Statistical analy-
sis was done using StatView 5.0 software (Abacus Concepts, 
Berkeley, CA)     .    
 Results  
  Aging and Effect of Blockade of RyRs on EFS-Evoked 
[Ca  2+ ] i   Transients 
 EFS-evoked  [Ca 2+ ]   i     transients with changes in applied 
current followed a graded fashion over the current range uti-
lized (  Figure 2  ). The small changes in [Ca  2+ ]   i     at lower cur-
rents generally reﬂ  ect calcium inﬂ  ux, and the larger and 
more abrupt increases in [Ca  2+ ]   i     shown between 112 and 
125 mA reﬂ  ect the contribution of CICR to EFS-evoked 
[Ca  2+ ]   i     transients  ( 33 , 34 , 44 ).  In   Figure  2 ,  we  show  repre-
sentative data to demonstrate the effect of the RyR antago-
nist ryanodine on EFS-evoked [Ca  2+ ]   i     transients in an SCG 
cell from a 6- and 24-month-old animal. Ryanodine addi-
tion decreases the magnitude of EFS-evoked [Ca  2+ ]   i     tran-
sients at all applied currents in 6-month-old cells with a 
complete lack of effect at 24 months. Furthermore, the max-
imal [Ca  2+ ]   i     transient is reached at lower currents as com-
pared with 24 months. In cells from 6-month-old animals, 
although inhibition of CICR decreased the magnitude of 
EFS-evoked [Ca  2+ ]   i     transients, the transients broadened, 
suggesting that these cells recovered more slowly. This ﬁ  nd-
ing is consistent with other studies in isolated sympathetic 
neurons demonstrating that inhibition of CICR with ryano-
dine slows the rate of repolarization and the rate of recovery 
of subsequent [Ca  2+ ]   i     transients (  51  ). In that study CICR 
was shown to activate calcium-dependent K  +   channels, 
which in turn modulated the rate of recovery from depolar-
ization and the rate of recovery of the subsequent [Ca  2+ ]   i    
transient. Taken together, the current and past studies sug-
gest that CICR modulates the shape of [Ca  2+ ]   i     transients by 
contributing to both the magnitude and recovery dynamics 
of EFS-evoked [Ca  2+ ]   i     transients. 
  Numerous studies suggest that CICR is initiated by 
stimulation-evoked calcium inﬂ  ux due to the activation of 
voltage-gated  calcium  channels  ( 26  –  31 , 33 , 34 ).  This 
was assessed, as a control, by stimulating cells with EFS 
(50 pulses, 5 Hz, 300 mA) in the absence and presence of 
lan thanum  (La 3+  ).   Figure 3   shows representative data in an 
SCG cell from a 6-month-old animal with consecutive EFS-
evoked [Ca  2+ ]   i     transients in the absence of La  3+  , and then 
following a 10-minute incubation in Tyrode’s buffer con-
taining 100   m M  La 3+   to block all calcium inﬂ  ux. We utilized 
three different concentrations of La  3+   (50, 100, and 150   m M) 
and chose 100   m M  La 3+   as the maximal concentration as 
there was no signiﬁ  cant difference (  p   > .05) in the lack of 
EFS-evoked [Ca  2+ ]   i     response between 100 and 150   m M.  In 
the presence of La  3+  , EFS did not evoke a [Ca  2+ ]   i     transient. 
These data suggest that calcium inﬂ  ux is necessary to acti-
vate CICR and that release of calcium from the SER is not 
occurring by some other mechanism.         
    Figures 4   and   5   show the progressive effect of increasing 
current on the dynamics of EFS-evoked [Ca  2+ ]   i     transients in 
SCG cells. Progressive increases in current enhanced both 
the magnitude (  Figure 4  ) and rate of rise (  Figure 5  ) of 
[Ca  2+ ]   i     transients in all age groups. Consistent with the role 
of CICR to the EFS-evoked [Ca  2+ ]   i     transients,  ryanodine 
signiﬁ  cantly depressed both parameters in 6- and 12-month-
old animals, but had no effect in SCG cells from 24-month-
old animals. Furthermore, the efﬁ  cacy of ryanodine was 
greater in SCG cells from 12-month-old animals as com-
pared with 6-month-old animals at currents lower than 
150 mA. In addition, the maximal change in magnitude and 
rate of rise of EFS-evoked [Ca  2+ ]   i     occurs at lower current 
levels in SCG cells from 6- and 12-month-old as compared 
with  24-month-old  animals  ( Figures  4   and   5 ).         
  Because the magnitudes of stimulation-evoked [Ca  2+ ]   i    
transients are likely to reﬂ  ect a combination of calcium in-
ﬂ  ux and CICR (  27  ,  51  ), we compared the d[Ca  2+ ]   i     and rate 
of rise of EFS-evoked [Ca  2+ ]   i     transients at maximal current 
in the absence and presence of ryanodine ( Figure 6 ). Clearly, 
the maximal d[Ca  2+ ]   i     and rate of rise of EFS-evoked [Ca  2+ ]   i    
transients signiﬁ  cantly declined at 24 months as compared 
with 6 and 12 months. Ryanodine depressed the magnitude 
of both parameters in SCG cells from 6- and 12-month-old 
animals with no effect at 24 months.         
  As a measurement of the sensitivity of SCG cells to EFS, 
we determined the currents necessary to evoke ½ maximal 
d[Ca  2+ ]   i     and rate of rise of [Ca  2+ ]   i     (  Figure 7  ). For both pa-
rameters, the currents necessary were signiﬁ  cantly greater 
in SCG cells from 24-month-old animals as compared with 
cells from 6- and 12-month-old animals. In addition, ryano-
dine signiﬁ  cantly decreased the sensitivity of the SCG cells 
to  EFS  only  in  12-month-old  animals.       
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 Figure  3.         Dependence  of  electrical  ﬁ  eld stimulation (EFS)  –  induced calcium 
responses on extracellular calcium inﬂ  ux. These data serve as a control to dem-
onstrate that in superior cervical ganglion (SCG) cells, all responses to EFS are 
lost when calcium inﬂ  ux is blocked with lanthanum (La  3+  ). SCG cells were 
activated with EFS (50 pulses, 5 Hz, 300 mA) in the absence and presence of 
100   m M  La 3+  . Following two consecutive EFS-evoked [Ca  2+ ]   i     transients, the cells 
were incubated with 100   m M  La 3+   for 10 minutes to block all calcium inﬂ  ux. 
When EFS was reapplied, simulation-evoked [Ca  2+ ]   i     transients were not observed. 
Representative data from a group of seven cells from a 6-month-old animal.          AGING AND CONTRIBUTION OF CALCIUM RELEASE FROM SER STORES  39
  Aging and Effect of Caffeine Sensitization of CICR on 
EFS-Evoked [Ca  2+ ] i   Transients 
  Caffeine, a RyR agonist, has been shown to reduce the 
threshold of EFS-evoked increases in calcium inﬂ  ux neces-
sary to trigger the CICR mechanism (  33  ,  34  ). We compared 
the maximal EFS  –  evoked [Ca  2+ ]   i     transients in each age 
group using two different frequencies and different pulse 
trains (  Figure 8  ). This was done to test the hypothesis that 
CICR contributes to EFS-evoked [Ca  2+ ]   i     transients to a 
greater extent at higher as compared with lower stimulation 
frequencies and decreases with advancing age. The maxi-
mal  EFS – evoked  [Ca 2+ ]   i     transient at 5 Hz and 50 pulses, 
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 Figure  4.         Impact  of  advancing  age  on  electrical  ﬁ   eld  stimulation – evoked  [Ca 2+ ]   i     transients in the absence and presence of ryanodine in superior cervical ganglion 
cells from 6- (  A  ), 12- (  B  ), and 24- (  C  ) month-old animals. Cells were activated at various applied currents as per Protocol 1 in the absence and presence of 100   m M 
ryanodine (see Methods).   N   = 19  –  31 cells from eight animals in each age group. *Signiﬁ  cantly different from ryanodine treatment,   p   < .01 by paired   t   test.    
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  Figure 5.                Impact of advancing age on rate of rise (d[Ca  2+ ]   i   /d t  ) of electrical ﬁ   eld  stimulation – evoked  [Ca 2+ ]   i     transients in the absence and presence of ryanodine in superior 
cervical ganglion cells from 6- ( A ), 12- ( B ), and 24- ( C ) month-old animals. Cells were activated at various applied currents as per Protocol 1 in the absence (black) and presence 
(gray) of 100   m  M ryanodine (see Methods).   N   = 19  –  31 cells from eight animals in each age group. *Signiﬁ  cantly different from ryanodine treatment,   p   < .01 by paired   t   test.       BEHRINGER ET AL.  40
300 mA, was significantly reduced in SCG cells from 
24-month-old animals. In comparison, the maximal EFS  –
 evoked  [Ca 2+ ]   i     transient at 3 Hz was obtained at 24 pulses in 
all age groups and was signiﬁ  cantly less only in SCG cells 
from 6-month-old animals compared with the maximal 
[Ca  2+ ]   i     transient obtained at 5 Hz. At 3 Hz and in the pres-
ence of caffeine, the maximal EFS – evoked [Ca  2+ ]   i    transients 
were signiﬁ  cantly greater in SCG cells in all age groups, 
with the greatest effect at 12 months. In addition, in the 
presence of caffeine, the EFS-evoked [Ca  2+ ]   i     transients in 
SCG cells from 24-month-old animals were similar to those 
observed  at  6  months.        
 Discussion 
  One of the main observations gathered in this study was 
that the contribution of CICR to EFS-evoked [Ca  2+ ]   i     tran-
sients was greater at middle age than in either young adults 
or senescent animals in the SCG cell model. Furthermore, 
the contribution of CICR to EFS-evoked elevations in 
[Ca  2+ ]   i     may be partly restored in senescent animals by the 
RyR agonist, caffeine. Overall, these data suggest that cou-
pling of membrane depolarization and calcium entry to RyR 
activation increases during middle age, reﬂ  ecting increased 
CICR, and the contribution of CICR to EFS-evoked [Ca  2+ ]   i    
transients is signiﬁ  cantly compromised with advancing age. 
However, caffeine can still augment this coupling during 
the onset of senescence suggesting that some residual CICR 
capacity still remains. 
  These conclusions are reinforced by the lack of effect of 
ryanodine on EFS-evoked [Ca  2+ ]   i     dynamics at all current 
levels in SCG cells from 24-month-old animals and the in-
creased effect of ryanodine at lower currents in SCG cells 
from 12-month-old animals as compared with 6-month-old 
animals (  Figures 4   and   5  ). Furthermore, at a lower EFS fre-
quency, caffeine enhances [Ca  2+ ]   i     transients in SCG cells 
from senescent animals, making them more similar to SCG 
cells from 6-month-old animals. Even still, the greatest aug-
mentation was observed in SCG cells from 12-month-old 
animals (  Figure 8  ). Overall, the data suggest that in young 
adults and during middle age, calcium inﬂ  ux and CICR are 
a coupled process and that this coupling declines with se-
nescence, leaving calcium inﬂ  ux as the primary signaling 
mechanism in senescent cells.   
  CICR With Late Maturation and Advancing Age in the 
SCG Cell Model 
 Maximal  EFS – evoked  [Ca 2+ ]   i     transients declined when 
the frequency was reduced from 5 to 3 Hz only in SCG cells 
from 6-month-old animals and caffeine signiﬁ  cantly  in-
creased the maximal EFS  –  evoked [Ca  2+ ]   i     transient at the 
lower frequency (  Figure 8  ). These data suggest that in the 
SCG cells from the youngest animals, CICR may not con-
tribute as greatly to the magnitude of EFS-evoked [Ca  2+ ]   i    
transient at low input frequencies. These data are consistent 
with other studies suggesting that CICR is triggered by a 
critical threshold [Ca  2+ ]   i     level  ( 33 , 34 ).  Furthermore,  caf-
feine sensitizes CICR to EFS-evoked [Ca  2+ ]   i     elevations at 
low frequencies, thus increasing the magnitude of the [Ca  2+ ]   i    
transient (  Figure 8  ) (  33  ,  34  ). These data combined with data 
obtained in the presence of ryanodine suggest that CICR is 
important to EFS-evoked [Ca  2+ ]   i     transients in SCG cells 
from 6-month-old animals. Furthermore, in cells from these 
animals, activation of CICR may require greater [Ca  2+ ]   i    
elevations than in cells from 12-month-old animals, thus 
necessitating the higher input frequency. 
  In SCG cells from 12-month-old animals, the similar re-
sponses to EFS at 5 and 3 Hz and the greater effect of caf-
feine at 3 Hz and ryanodine at lower input currents as 
compared with 6 months suggest that the sensitivity of 
CICR to EFS-evoked elevations in [Ca  2+ ]   i     is enhanced at 
middle age (  Figures 4  ,  5  , and   8  ). Overall, regardless of 
the input current or frequency, CICR in SCG cells from 
12-month-old animals may be more sensitive to elevations in 
[Ca  2+ ]   i     evoked by EFS as compared with SCG cells from 
6-month-old animals. 
  The data obtained from SCG cells from senescent ani-
mals are much different than the data in the younger age 
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  Figure 6.                Summarized responses of the impact of late maturation and senes-
cence on the magnitude (  A  ) and rate of rise (  B  ) of maximal electrical ﬁ  eld 
stimulation – evoked  [Ca 2+ ]   i     transients. Bars represent the peak values derived 
from curves in   Figures 4   and   5   for control (black) and in the presence of ryano-
dine (gray).   N   = 19  –  31 cells from eight animals in each age group. *Signiﬁ  -
cantly different from ryanodine treatment,  p  < .01, by paired  t  test. +Signiﬁ  cantly 
different from 24 months,   p   < .02, by analysis of variance and Fisher-protected 
least signiﬁ  cant differences      test.       AGING AND CONTRIBUTION OF CALCIUM RELEASE FROM SER STORES  41
groups. At maximal current or 5-Hz input frequency, stimu-
lation-evoked [Ca  2+ ]   i     was signiﬁ  cantly less than that ob-
served at 6 and 12 months (  Figures 6   and   8  ). When the 
frequency was reduced to 3 Hz, EFS-evoked [Ca  2+ ]   i     eleva-
tions remained similar to those obtained at 5 Hz. These data, 
when combined with a complete lack of effect of ryanodine 
on EFS-evoked increases in [Ca  2+ ]   i     ( Figures  4   and   5 ),  sug-
gest that CICR does not appreciably contribute to the 
magnitude and shape of EFS-evoked [Ca  2+ ]   i     transients in 
SCG cells from 24-month-old animals. Interestingly, caf-
feine partially restores CICR function in SCG cells from 
24-month-old animals, suggesting that there is some resid-
ual CICR function in SCG cells from senescent animals. 
However, this function can only be observed when RyR ac-
tivity is augmented with caffeine. 
  It is interesting that augmenting RyR activity with caf-
feine enhances EFS-evoked [Ca  2+ ]   i     transients, whereas in-
hibiting RyR activity with ryanodine is without effect in 
senescent SCG cells. This may be due to independent 
ryanodine- and caffeine-binding sites on the RyRs. Ryano-
dine binds to activated RyR and does not competitively 
antagonize caffeine. Caffeine on the other hand binds to a 
different site on the RyR, which increases the open proba-
bility of the RyR channel (  27  ,  31  ). Thus, the data in the pres-
ent study suggest that caffeine still sensitized the RyRs in 
senescent SCG cells which then allows CICR to contribute 
to EFS-evoked [Ca  2+ ]   i     signaling. 
  A decline in the coupling of CICR to membrane depo-
larization may explain our previous ﬁ   nding that high 
K  + -evoked  [Ca 2+ ]   i     transients are increased during middle 
age but severely compromised in SCG cells from senescent 
animals (  25  ). In addition, these data are consistent with our 
ﬁ  nding that the capacity of SCG cells to release calcium 
from the SER stores increases at middle age and then de-
clines with senescence (  25  ). As the magnitude and duration 
of stimulation-evoked [Ca  2+ ]   i     transients are dependent on 
calcium inﬂ  ux and release (  27  ,  32  ), the suppression of EFS-
evoked [Ca  2+ ]   i     transients in the senescent SCG cells appears 
to be mostly due to loss of CICR as opposed to a decline in 
calcium inﬂ  ux through voltage-gated calcium channels. 
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 Figure  7.         Aging  alters  electrical  ﬁ  eld stimulation current (  I  50  ) necessary to 
evoke ½ maximal d[Ca  2+ ]   i     ( A  ) and rate of rise of [Ca  2+ ]   i     ( B ).   N   =  19 – 31  cells 
from eight animals in each age group. *Signiﬁ  cantly different from control, 
  p   < .05, by paired   t   test. ++Signiﬁ  cantly different from 6 and 12 months,   p   < .02, 
by analysis of variance and Fisher-PLSD test.       
   
  Figure 8.                Impact of late maturation and senescence, on the magnitude (d[Ca  2+ ]   i    ), of electrical ﬁ   eld  stimulation – evoked  [Ca 2+ ]   i     transients. Comparisons were made 
between supermaximal stimulation (5 Hz, 50 pulses) to the stimulation at a lower frequency (3 Hz, 24 pulses) in the absence and presence of caffeine.   N   =  16 – 22  cells 
from ﬁ  ve to six animals from each age group. *Signiﬁ  cantly different from control,   p   < .03, by paired   t   test. **Signiﬁ  cantly different from control and supermax, 
  p   < .01, by paired   t   test. +Signiﬁ  cantly different from 24 months,   p   < .05, by analysis of variance (ANOVA) and Fisher-PLSD test. ++Signiﬁ  cantly different from 6 
and 24 months,   p   < .03, by ANOVA and Fisher-PLSD test.          BEHRINGER ET AL.  42
This conclusion is further supported by the comparison of 
EFS-evoked d[Ca  2+ ]   i     transients in the presence of ryanodine 
(  Figure 4  ). When ryanodine is present, CICR is blocked 
and the remaining [Ca  2+ ]   i     transient is most likely to reﬂ  ect 
EFS-evoked calcium inﬂ  ux. In the presence of ryanodine, 
the d[Ca  2+ ]   i     in 6-, 12-, and 24-month-old SCG cells are 
90.9  ±  13.3, 80.0  ±  16.1, and 90.1  ±  11.9, respectively. These 
data are not signiﬁ  cantly different, and although the data do 
not represent a direct measure of calcium inﬂ  ux, overall, 
our previous and present studies do not support the idea that 
calcium inﬂ  ux is signiﬁ  cantly altered with age in the SCG 
model. Other published studies support the idea that the re-
duction in stimulation-evoked [Ca  2+ ]   i     transients that occurs 
with advancing age is not necessarily due to changes in cal-
cium inﬂ  ux. For example, in central neurons, Ca  2+   inﬂ  ux as 
measured from current densities has been reported to in-
crease  with  age  ( 52  –  54 )  remain  unchanged  ( 55 )  or  decline 
in sensory neurons (  56  ). Taken together, there are no con-
clusive data that support a general age-related decline in 
calcium inﬂ  ux in various neuronal models including the 
SCG. 
  The data in this study compare well with other studies, 
suggesting that there is a general decline in the contribution 
of RyR-mediated calcium release with senescent aging in 
central neurons (  57  ). However, the ﬁ  ndings of the current 
study contrast some studies in central nervous system 
neurons. In the present study, CICR increases from 6 to 
12 months of age, suggesting a change in CICR that occurs 
during the transition from young to middle age. These data are 
consistent with a recent study performed on hippocampal 
CA1 neurons ( 48 ). In that study, slow after-hyperpolarizations, 
which are dependent on CICR, increased from 4 to 12 months 
and remained elevated in senescent animals (23 months). 
In contrast, CICR in the SCG declines from 12 to 24 months. 
Thus, in the SCG there appears to be two phases of CICR 
function, ﬁ  rst an increase during the transition from young 
adult to middle age and then a dramatic decline from middle 
age to senescence. The functional signiﬁ  cance of this con-
trast is difﬁ  cult to interpret in terms of calcium signaling 
and may be due to differing function between SCG and 
CA1 neurons. In the study by Gant and coworkers (  48  ), the 
increase in CICR is thought to contribute to an age-related 
decline in calcium homeostasis which can lead to neuronal 
dysfunction. Likewise, the biphasic changes in CICR in the 
SCG may also contribute to age-related decrements in the 
function of cerebrovascular neurons. Indeed, SCG neurons 
help protect the cerebral blood vessels from rupture in the 
face of age-related hypertension, and thus, the decline in 
CICR may be partly related to increased stroke risk in 
elderly  populations  ( 7 ).   
  Mechanisms Underlying Age-Related Alterations in CICR 
  The data from this study suggest that RyR activation in-
creases at middle age and declines with senescence. Thus, 
the contribution of CICR to EFS-evoked [Ca  2+ ]   i     transients 
in this study and K  + -evoked  [Ca 2+ ]   i     transients in our previ-
ous study (  25  ) similarly increases at middle age and then 
declines with senescence. Although the data in the present 
study do not necessarily address the speciﬁ  c mechanisms 
underlying how CICR function changes, our previous work 
discussed in light of the current studies illuminates some 
possibilities. 
  There are numerous intracellular modulators of RyR 
function. For example FKBP proteins alter RyR channel ac-
tivity depending on the binding status, where the channels 
are activated by dissociation and inhibited by binding of 
FKBP proteins. In addition, RyR phosphorylation and inter-
actions with intracellular molecules such as cyclic adenos-
ine diphosphate ribose (cADPr) modulate CICR by altering 
the sensitivity of RyRs to changes in cellular calcium levels, 
much like exogenous caffeine (  27  ,  58  ,  59  ). In the case of 
cADPr, its cellular levels are modulated by the release of 
nitric oxide via neuronal nitric oxide synthase (nNOS) (  60  ). 
Thus, the cellular levels of nNOS and its activity in turn 
modulate cADPr levels through the activity of ribosyl 
cyclase, which synthesizes cADPr (  60  ). 
  It is possible that the cellular levels of the modulators of 
CICR and their interactions with the RyRs are altered dur-
ing middle age and senescence. To our knowledge, the lev-
els of FKBP-binding proteins and/or cADPr and their 
afﬁ  nities for the RyRs have not been studied with aging. 
However, our research group has examined the impact of 
age on the genetic expression and protein levels of speciﬁ  c 
RyR isoforms, total RyR phosphorylation, and nNOS lev-
els, which in turn regulate cADPr levels, in the SCG. The 
genetic expression and protein levels of the RyR3 isoform 
and nNOS increased from 6 to 12 months and then declined 
back to the 6-month level at 24 months (  61  ). Although these 
data suggest that there is an interplay between RyR expres-
sion and function, additionally levels and/or afﬁ  nity of the 
RyR for modulators such as FKBP-binding proteins and 
cADPr may be substantially different in senescent SCG 
neurons, accounting for reductions in RyR activity and their 
contribution to calcium signaling. 
  Alterations in the ﬁ  lling state of the SER also contribute 
to the development of CICR, where decreases in calcium in 
the SER stores lead to reductions in CICR activity. For ex-
ample repetitive caffeine-evoked calcium release from the 
SER will reduce CICR. In addition, smooth endoplasmic 
reticulum calcium-ATPase (SERCA) function is a key com-
ponent to this process, and blockade of SERCA function 
with antagonists such as thapsigargin or cyclopiazonic acid 
leads to reduced SER calcium content and concomitantly, 
CICR  ( 29 , 33 , 45 , 62 ).  These  studies  suggest  that  activation 
of the CICR mechanism is not only dependent on changes in 
[Ca  2+ ]   i     and other molecular modulators, but upon calcium 
levels within the SER. 
  The impact of aging on the magnitude of caffeine and 
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(  25  ) and EFS-evoked [Ca  2+ ]   i     transients in the current study 
are parallel. These calcium transients increase at middle age 
and then decline with senescence. In the former study, we 
measured the capacity of the SER to release calcium with 
exposure to supramaximal caffeine and the time to maxi-
mally reﬁ  ll SER calcium stores mediated by SERCA (  25  ). 
Clearly, these two processes declined with senescence. As 
the magnitude of high K  +   and EFS-evoked [Ca  2+ ]   i     transients 
reﬂ  ect calcium inﬂ  ux coupled to RyR-mediated CICR, the 
data suggest that the contribution of CICR is compromised 
during senescence due in part to a decline in SERCA-mediated 
ﬁ  lling of SER calcium stores. This conclusion is derived in 
light of our previous studies focusing directly and indirectly 
on  SERCA  function  with  senescence  ( 25 , 36 , 37 , 63 , 64 ). 
Overall, the increase in CICR at middle age and the decline 
with senescence may well involve multiple mechanisms, 
including changes in SERCA function altering the SER cal-
cium  loading  levels.    
 Summary 
  Neurotransmitter release in the SCG is critically depen-
dent on calcium signaling, which entails both stimulation-
evoked calcium inﬂ  ux and subsequent release of calcium 
from SER stores, by CICR. In this study, we show that dur-
ing late maturation, stimulation-evoked CICR increases at 
middle age and then declines with senescence. In addition, 
residual CICR function may be enhanced in senescent cells 
by augmenting RyR activity with caffeine. Overall, these 
data have important implications for the function of adren-
ergic nerves during the aging process.     
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